A high heat-dissipation-efficiency discharge tube for ion lasers is discussed and compared with conventional tube structures. The results show that the capability to dissipate heat of this Al 2 O 3 ceramic-copper sandwich structure tube is better than that of the BeO ceramic tube and the water-cooled Al 2 O 3 ceramic-tungsten tube. An air-cooled argon laser constructed with this structure has been operating for over 2000 h.
Introduction
Heat dissipation is a critical issue for an ion laser. Inefficient dissipation of heat results in unacceptable temperatures, a decrease in output power, reduced life, and even damage to the device. Unfortunately, ion lasers, including argon lasers and krypton lasers, are inherently low-efficiency lasers. The power conversion efficiency of argon and krypton ion lasers is of the order of 10 23 to 10 25 . The generated heat intensity is typically approximately 100 to 200 W cm 21 of discharge length. In addition, these lasers are arc discharge devices. The discharge current density is extremely high, so the requirements for the material and heat-dissipating structure are very severe. Specialists have been looking for suitable materials and heat-dissipation structures over the past few decades. Today, the most common ion lasers use an Al 2 O 3 ceramic-tungsten disk or BeO structures for water-cooled tubes, and BeO structures for air-cooled tubes. BeO is very toxic and very expensive, but it is still the only choice for air-cooled ion lasers. We have developed a high heat-dissipation efficiency discharge tube structure 1we call it a sandwich structure for convenience2. The first experimental air-cooled argon-ion laser with the sandwich structure fabricated in our laboratory was briefly described in the literature. 1 More practical argon laser tubes with an improved configuration have since been fabricated and tested. The long-term operation of the air-cooled argon-ion lasers with this design indicates that the sandwich structure has an excellent heat-dissipation capacity; hence it is suitable for an air-cooled ion laser.
Heat-Dissipation Structure of the Discharge Tube
The unwanted heat generated in the discharge area of ion lasers must be conducted to the outside of the tube and then dissipated by either flowing air, water, or another liquid. So, in general, an ion laser has a dielectric tube to contain the gas and confine the discharge. The insulator wall of the tube is the path where the heat flow can pass through.
In our design, a set of Al 2 O 3 ceramic rings and copper sheets is used alternately to construct a discharge tube in a sandwich arrangement as shown in Fig. 1 . In this structure, the copper sheets extend from the inside to the outside of the tube directly. Because the copper has a very high thermal conductivity, it provides a fast path for conducting heat to be dissipated to the outside of the tube. There is a tungsten disk brazed on each copper sheet to withstand intensive discharge current. A series of holes in the center of the tungsten disks form the bore for the discharge. Most of the heat generated by the arc in the bore would be conducted along the copper sheets to the outside of tube. The outside extension of the copper sheets functions as fins.
Capacity of Heat Conduction and Comparison with Conventional Structures
According to the heat-conduction theory, 2 in a cylindrical tube case as shown in Fig. 2 , for the steady state, the temperature of the inside surface is
where Q 1W cm 21 2 is the heat generated per unit length in the tube, T 2 is the temperature of the outside surface, d 1 is the insider diameter, d 2 is the outside diameter, and l i is the thermal conductivity of the material. The thermal conductivities 3,4 of the three materials are listed in Table 1 . Let us consider two commonly used heat-dissipation structures, i.e., a water-cooled Al 2 O 3 ceramictungsten disk structure and a BeO tube, as shown in Figs. 3 and 4, respectively. The water-cooled Al 2 O 3 ceramic-tungsten disk structure tube has a series of copper cups brazed on the inside surface of the tube to conduct the heat to it, and from there to the outside surface. Flowing water removes the heat to keep the temperature of the outside surface at a desired level. We assume that the distance between the two cups is small so that the temperature is uniformly distributed over the inside surface. Thus we can treat the case as one-dimensional heat conduction of an ordinary cylindrical tube, as shown in Fig. 1 .
For the sandwich structure, ignoring the fins outside and the copper disks inside the tube, we would have a simplified tube as shown in Fig. 5 . Because the conductivity of copper is significantly higher than that of ceramic, the ceramic rings can be treated as a thermal insulator. Consequently, the copper sheets conduct heat only in the radial direction, and thus Eq. 112 is still valid. From a heatconduction point of view, in this case the sandwich structure tube can be viewed equivalently as a shorter copper tube at a certain ratio of the whole tube. Let the ratio be R 5 L ceramic @L copper , where L ceramic is the length of the ceramic ring and L copper is the thickness of the copper sheet as shown in Fig. 5 . The ratio may vary, so the heat-dissipation capacity may change depending on the designs, because Q , 1@R. Figure 6 shows the relationship between the heat-dissipation capacity of the sandwich structure and the ratio of the length of the ceramic ring to the thickness of the copper sheet.
In Fig. 6 , Q has been normalized. Because R cannot be either too big or too small, it should be located at the shaded region. For example, if the thickness of the copper sheet is 0.7 mm, then the length of the ceramic ring could be between 3.5 and 10.5 mm. The reason for this is discussed in Section 4. The ratio we used is 9:1 in both the calculation and the experiment.
Assume that the generated heat is 100 W cm 21 and that the temperature of the outside surface is 350 K. From Eq. 112, the temperature of the inside surface for different structures is calculated and listed in Table 2 . The results calculated for the heat-dissipation capacity of the discharge tubes with typical sizes are shown in Table 3 . Two different sizes of sandwich structure are listed here; the first is for comparison to the Al 2 O 3 ceramic-tungsten structure. The second is the size of the tube in our experiment. Comparing these numbers, we find it clear that the sandwich structure tube has the highest capacity to dissipate heat.
Experiment
Here we describe an example of the air-cooled argon lasers built with the sandwich structure. Figure 7 shows the overview of the laser. For this particular laser, 14 copper sheets and 15 ceramic rings 1Fig. 7 shows only 9 copper sheets and 10 ceramic rings2 form the body of the discharge tube. One of the advantages of this structure is that the stress caused by the bigger thermal expansion of copper is balanced by the brazing of ceramic rings at both sides of the copper sheet. It is approximately 90 mm from the first tungsten disk to the anode. The diameter of each copper sheet is 65 mm. The thickness of the copper sheets is 0.7 mm. Each ceramic ring has inside and outside diameters of 30 mm and 35 mm, respectively. The length of each ceramic ring is 6.3 mm. The diameter of the tungsten disks is 10 mm and the thickness is 0.5 mm. The bore is 1.2 mm in diameter. The tungsten disks are brazed on the center of each copper sheet, surrounded by a cuplike copper ring, which is considered important for cooling the gas at the gas-return holes for the control of gas pumping. 5 The diameter and length of the copper rings are 10 mm and 5 mm, respectively. On each copper sheet there are five 1-mm-diameter holes distributed between the ceramic and the copper ring that function as the gas-return path. The anode is brazed on the last copper sheet at the right side as shown in Fig. 7 . The specifications are as follows: the cavity length is 320 mm, the output mirror's reflection coefficient is 98% with a radius of curvature of 5 m, and the flat total reflection mirror at the other end is 100%. The argon gas pressure is 0.5 Torr. The laser output power is 20 mW in the TEM 00 mode at 488 nm under the following conditions: voltage drop 110 V, current 10 A, and magnetic field 310 G 1at the center of the solenoid2. The solenoid consumes ,500 W. The total power conversion coefficient is approximately 1.2 3 10 25 . The segmented solenoid is believed to be necessary to enhance the performance of the sandwich structure laser tube. Figure 8 shows its conceptual design. It has two functions: producing a magnetic field to help confine the plasma and providing a path for air flowing over the fins. Corresponding to the 15 ceramic rings, there are 14 pieces of the segmented solenoid arranged as shown in Figs. 7 and 8. Because the fins are aligned within the 3-mm-wide gaps of the segmented solenoid, the air can flow over and cool both the fins of the tube and Fig. 6 . Heat-dissipation capacity of the sandwich structure versus the ratio of the length of the ceramic ring to the thickness of the copper sheet. the segmented solenoid. The temperature of the air flowing over the tube rises to ,23 K above room temperature when the output power is 20 mW. The amount of air flow is 6 m 3 @min. The laser takes approximately 3-4 min to reach a stable output after starting the discharge at room temperature. It has been operating for over 2000 h with no power decrease observed so far. The number of hours has been read from the built-in timer in the power supply. The relationship of the discharge current and the output power is shown in Fig. 9 . Unfortunately, the laser has been operated at only a 488-nm single line. The full-line operation data are not available because of facility limitations in our laboratory.
It is critical to ensure the high reliability of the vacuum joints for the sandwich structure tube. There are many factors in the processing that may affect the vacuum reliability. Two key issues are metallization and brazing. We use a high-temperature metallization technique to metallize the ceramic surfaces at ,1880 K. During the brazing process, relative high pressure 1,1.5 kg@cm 2 2 on the ceramic-copper connect area was found to be necessary. All the parts of the tube body were brazed together in one step by the use of an Ag-Cu alloy in a hydrogen atmosphere. Other factors such as parts' size and shape design are also important. For example, to dissipate more heat one might want thicker copper sheets and shorter ceramic rings. However, thicker copper may cause leakage because of thermal expansion. Shorter ceramic rings would lead to difficulties in processing and in tube reliability. We found that 0.7 mm is the safe thickness for the copper sheet in our design with our parts' size and process. There have been ten tubes built with 0.7-mm sheets, and they showed 100% reliability on the vacuum joints. However, two of the tubes built with 0.8-mm sheets developed a leak after ,100 thermal cycles between 520 K 1the temperature of the outside surface of the ceramic2 and room temperature.
Conclusions
The sandwich structure tube has a very good heatdissipation capacity compared with that of conventional ion laser tubes. Our experiment shows that it is possible to make a practical air-cooled ion laser without the use of BeO. To the best of our knowledge, our lasers are the only practical air-cooled ion lasers that do not use BeO. The sandwich structure offers an option in the development of a new generation of air-cooled ion laser. Because BeO is a very toxic material and because of the concern for environmental protection, the effort to use the sandwich structure tube to replace the BeO tube will not be in vain.
